Forecasting hurricane impacts of extreme winds and flooding requires accurate prediction of hurricane structure and storm-induced ocean surface waves days in advance. The waves are complex, especially near landfall when the hurricane winds and water depth varies significantly and the surface waves refract, shoal and dissipate. In this study, we examine the spatial structure, magnitude, and directional spectrum of hurricaneinduced ocean waves using a high resolution, fully coupled atmosphere-wave-ocean model and observations. The coupled model predictions of ocean surface waves in Hurricane Ike (2008) over the Gulf of Mexico and Superstorm Sandy (2012) in the northeastern Atlantic and coastal region are evaluated with the NDBC buoy and satellite altimeter observations. Although there are characteristics that are general to ocean waves in both hurricanes as documented in previous studies, wave fields in Ike and Sandy possess unique properties due mostly to the distinct wind fields and coastal bathymetry in the two storms. Several processes are found to significantly modulate hurricane surface waves near landfall. First, the phase speed and group velocities decrease as the waves become shorter and steeper in shallow water, effectively increasing surface roughness and wind stress. Second, the bottom-induced refraction acts to turn the waves toward the coast, increasing the misalignment between the wind and waves. Third, as the hurricane translates over land, the left side of the storm center is characterized by offshore winds over very short fetch, which opposes incoming swell. Landfalling hurricanes produce broader wave spectra overall than that of the open ocean. The front-left quadrant is most complex, where the combination of windsea, swell propagating against the wind, increasing wind-wave stress, and interaction with the coastal topography requires a fully coupled model to meet these challenges in hurricane wave and surge prediction.
Introduction
Ocean surface waves are essential in assessing hurricane impact on marine environment and storm surge over the hurricane-prone regions of the Gulf of Mexico and US Atlantic Seaboard. Hurricane impacts are mostly felt at landfall, which are most challenging for accurate model forecasts of extreme winds, rain, waves, storm surge, and inland flooding near the coast. The totality of these hurricane impacts needs be represented in fully coupled atmosphere-waveocean-land prediction models. Ocean surface waves played an important role in the record-breaking storm surge in New York during Superstorm Sandy (2012) at landfall when the water level were elevated by the wave set up as described in an observational study by winds varying spatially and in time in a moving storm and have different characteristics in the open ocean and near landfall as shown by observations ( Wright et al., 2001 ; Walsh et al., 2002 ) . As a storm approaches the land, the wind and wave fields become more complex, in part due to the coastal land-sea features including topography and bathymetry. Surface waves refract, shoal, and dissipate in shallow waters, which can affect surface winds, currents, the mean sea level. In this study, we examine the spatial structure, magnitude, and directional spectrum of hurricane-induced ocean waves from open ocean to at landfall using a high resolution, fully coupled atmosphere-wave-ocean model and in situ and remote sensing observations.
We first provide a description of the coupled atmosphere-waveocean modeling system in Section 2 . The coupled model simulation of Hurricane Ike and prediction of Superstorm Sandy as well as storminduced waves are compared with observations in Sections 3 and 4 . Sections 5 and 6 examine the spatial and temporal variations of directional wave spectrum and mean wave properties in the open ocean and near landfall, respectively. A summary and conclusions are given in Section 7 .
Coupled model
A key feature of the coupled modeling system is a unified air-sea interface, namely the Unified Wave INterface (UWIN). It is designed to be flexible in a multi-model system and portable for transition to the next generation fully coupled regional and global atmosphere-waveocean-land models. It couples the atmosphere, wave, and ocean model components using the Earth System Modeling Framework (ESMF, Hill et al., 2004 ) . UWIN has been implemented in the Coupled Model (UWIN-CM) developed at the University of Miami, which consists of the atmosphere, wave, and ocean model components.
Atmosphere model
The atmospheric model in UWIN-CM is the Weather Research and Forecasting (WRF) model V3.5 with Advanced Research WRF (ARW) dynamical core ( Skamarock et al., 2008 ) . WRF is a non-hydrostatic atmospheric model with a large number of model physics options and a storm-following, moving nest capability for hurricane forecasting. The outermost domain is from 55.0 to 103.0W in longitude and 7.0-45.0N in latitude with a 12 km horizontal grid spacing and 36 vertical levels. There are two vortex-following inner nests of 20 0 0 × 20 0 0 km 2 and 4 40 × 4 40 km 2 with 4 and 1.3 km grid spacing, respectively. The surface layer is based on the Monin-Obukhov theory and boundary layer parameterization is the Yonsei University scheme (YSU, Hong et al., 2006 ) . The cloud microphysics is the single-moment five-species scheme WSM5 ( Hong et al., 2004 ) , which is used on the two inner nested domains without cumulus parameterization. The Kain-Fritsch cumulus parameterization is used only on the 12 km domain ( Kain and Fritsch, 1993 ) in addition to WSM5.
Ocean surface wave model
The ocean surface wave model in UWIN-CM is the University of Miami Wave Model (UMWM) V1.1.0 ( Donelan et al., 2012 ) . It is a spectral ocean wave model that predicts wave energy spectra and the atmosphere and ocean momentum fluxes based on winds and ocean currents. UMWM can be initialized either from existing wave states from a global wave model or a calm state. The wave model has the same domain as the WRF outer domain. It is configured with 4-km grid spacing in this study. The wave energy spectrum is represented by 36 directional bins and 37 frequency bins in the range from 0.0313 Hz to 2.0 Hz. 
Ocean circulation model
The ocean circulation model in UWIN-CM is the HYbrid Coordinate Ocean Model (HYCOM) V2.2.34 ( Wallcraft et al., 2009 ) . It is a three-dimensional hydrostatic ocean model with a hybrid vertical coordinate: z -level in shallow waters, terrain-following coordinate in intermediate waters, and isopycnal (constant density) in deep waters. In this study, we use the non-local K -profile vertical mixing scheme by Large et al. (1994) . HYCOM domain covers the region of the WRF outer domain. It is configured with 0.04 °horizontal grid spacing (varying from ∼3.8 to 4.4 km from north-south of the model domain) and 32 vertical levels.
Atmosphere-wave-ocean coupling
The UWIN handles the coupling between model components. It contains the coupling physics and a common exchange grid that is used for interpolation and calculation of air-sea exchange fields from the component models. WRF passes the wind profile and air density to the wave model, and radiative and heat fluxes and precipitation rate to the ocean circulation model. UMWM passes vectorial atmosphere stress to the atmosphere model, and vectorial ocean stress to the ocean circulation model. HYCOM passes sea surface temperature (SST) to the atmosphere model and surface current field and water density to the wave model. All fields are interpolated to the exchange grid and are co-located in discrete time. In the current model configuration, fields from WRF and UMWM are exchanged every 60 s, whereas HYCOM fields are exchanged every 120 s.
Initial and lateral boundary conditions
The WRF model initial and lateral boundary conditions were from the National Center for Environmental Prediction (NCEP) Global Forecasting System (GFS) six-hourly analysis 0.5 °horizontal resolution in the case of Hurricane Ike (2008) and the GFS realtime forecast fields for Superstorm Sandy (2012) . We refer to model simulation when the GFS analysis fields were used and prediction when the GFS forecast fields were used. The initial and boundary conditions for the ocean model are provided by the global, data assimilated, 0.08 °horizontal resolution daily HYCOM fields. The UWIN-CM simulation of Hurricane Ike was initialized at 1200 UTC on 8 September 2008. The UWIN-CM forecast of Superstorm Sandy was initialized at 0 0 0 0 UTC on 27 October 2012.
Hurricane Ike and Superstorm Sandy
To better understand the variability of hurricane-induced ocean surface waves due to variations of wind field, coastline, and bathymetry, two distinct hurricanes are selected for this study. ( Fig. 1 d) .
Hurricane Ike was a Category 3 major hurricane that propagated through the Gulf of Mexico and made the landfall near Galveston, Texas, on 13 September 2008.
Superstorm Sandy formed as a tropical storm in the Caribbean Sea on 23 October 2012 and later intensified into a hurricane of the western Atlantic Ocean. It interacted with a strong mid-latitude system and became a "superstorm" that made landfall in the New Jersey and New York coasts on 30 October 2012.
The coupled model simulated and predicted tracks and maximum wind speeds (MWS) of Ike and Sandy are compared with the National Hurricane Center (NHC) Best Track (BT) estimates ( Fig. 1 ) , respectively. In Ike, the simulated track is in a good agreement with BT, except for a faster translation speed than BT. The model simulated storm made landfall at the Galveston Bay about 11 h earlier than the observation ( Fig. 1 a) . The model simulated MWS is higher the BT estimates on 11-12 September ( Fig. 1 c) . The simulated MWS decreases rapidly at ∼1800 UTC on 12 September at landfall, which is earlier than observed. In Sandy, the model predicted track and intensity were relatively accurate compared with the BT estimates ( Fig. 1 b and d) . The predicted track has a northward bias from 28 to 29 October ( Fig. 1 b) and slightly slower translation speed, which makes landfall 6 h later compared to BT estimate, and approximately 60 km to the North. The MWS is slightly over-predicted on 29 October ( Fig. 1 d) . 
Wind and wave observations and model verification
Hurricane wind and wave vary greatly within each storm and evolve in time. The waves were not only affected by the maximum wind speed, but also by the size and translation speed of the hurricane among other factors. The impact of hurricane-induced waves varies spatially and temporally from location to location. It is imperative that we evaluate the coupled model results against the measurements from both the National Data Buoy Center's (NDBC) buoys and the satellite altimeter data from Jason-1 and Jason-2.
We first examine the wind speed and direction, significant wave height ( H s ), and zero-crossing mean wave period measured and modeled at various NDBC buoy locations. The NDBC buoys have a frequency range from 0.02 to 0.485 Hz. The wave instrumentation and data acquisition of the NDBC buoys are described by Earle (1996) . A total of 14 NDBC buoys are included for the model verification, seven in Hurricane Ike ( Fig. 1 a) and seven in Superstorm Sandy ( Fig.  1 b) . Here we focus on the variation of hurricane-induced winds and waves along the storm track in Ike and in the right and left sides of the storm track in Sandy.
The NDBC buoys 42001 and 42035 are located in the deep and shallow waters along the track of Ike, respectively. Both stations experienced the passage of the eye and high winds and waves associated with the eyewall ( Figs. 2 and 3 ). The coupled model captured the timing and general features of the eye and eyewall of Ike quite well as shown by the wind speed and direction at both locations ( Figs. 2 a, b and 3 a, b). The model wind speed was weaker early on 10 and 11 September prior to the arrival of Ike at 42001, indicating that the size of the hurricane may be smaller in the model than that of observations ( Fig. 2 a) , which is consistent with the under-prediction of significant wave height and mean period ( Fig. 2 c and d) . The peak winds associated with the eyewall in the model were slightly higher than the observation, and so were the significant wave height and mean period at 42001 from 1600 UTC 11 September to 0600 UTC 12 September. However, the modeled significant wave height is about 3-4 m higher than the observed value during the passage of the hurricane eyewall at 20 0 0 UTC on 11 September and 0300 UTC on 12 September ( Fig. 2 c) , which is more than what can be accounted for the difference in wind speed ( Fig. 2 a) . Another factor contributing to the overestimate of wave height may be faster storm translation speed in the model ( Fig. 1 a) , which can increase the effective fetch. A faster moving storm is in resonance with longer waves, which can then grow longer and higher for the same wind speeds.
There is an indication of a similar situation at 42035, although the buoy did not report the wave data during the peak of the storm near landfall ( Fig. 3 c) .
The NDBC buoys 41002 and 41048 were located on the left and right side of the storm track during Sandy on 27-30 October 2012 ( Fig. 1 b) . The modeled wind speed and wave height and period at these two locations were very close to the observed values ( Figs. 4  and 5 ) . Sandy was an unusually large storm with tropical storm winds over a vast region of the West Atlantic basin ( Blake et al., 2013 ) . While the modeled wind speed was of similar magnitude at buoys 41002 and 41048, the significant wave height was 1-2 m higher than the observations, perhaps due to longer fetch in the observed storm.
The overall performance of the model at all 14 buoy locations is summarized in Table 1 . We compute model bias, mean absolute error, and root mean squared error for the wind, significant wave height, mean wave period, averaged over the model simulation/prediction time periods ( ∼5 days in Ike and 2.5 days in Sandy). Overall, UWIN-CM performed better in Sandy (41001-44025) compared to Ike (42001-42040). There is a small positive bias in significant wave height (2% on average), and a small negative bias in mean period ( −2% on average).
Spatial variation of the significant wave height in hurricanes can be derived from the satellite radar altimetry data that measures the ocean surface topography. Overpasses of Jason-1 and Jason-2 were available in Hurricane Ike at 1255 UTC on 10 September 2008, and in Superstorm Sandy at 0603 UTC on 28 October 2012, respectively. The satellite data have a spatial resolution of 11.2 km (along track) and 5.1 km (cross track). We use the altimeter data to compare with the UWIN-CM simulated H s in Ike and Sandy ( Fig. 6 ) . To evaluate hurricane-induced wave field, we compare the modeled H s at the same geographical location as the satellite observation. The model predicted track in Ike was several hours faster than the best track estimate ( Fig. 1 a) . So the comparison uses the UWIN-CM field at 0500 UTC on 10 September when the modeled storm was at the same location as the observation ( Fig. 6 a) . The UWIN-CM predicted storm track in Sandy is accurate and the model and observation are compared at the same time and location ( Fig. 6 b) . The model prediction of spatial pattern of H s in both Ike and Sandy were in excellent agreement with the satellite observations. The H s pattern in Ike was typical of a moving hurricane with high waves in the right-front quadrant ( Fig. 6 a) as shown in previous studies ( Stopa et al., 2012; Chen et al., 2013 ) . The highest H s values were predicted to be at the two rear quadrants where the strongest winds were located in Sandy, which was confirmed by the altimeter data ( Fig. 6 b) .
Spatial variation of directional wave spectrum in open ocean
To contrast the characteristics of hurricane-induced ocean surface waves in open ocean to that at landfall, we first investigate the directional wave spectrum on different sides of the storm track in Sandy. These pitch-and-roll buoys have a 3-m discus hull and record time series of surface elevation as well as the surface slope in two directions ( Steele et al., 1992 ) . We use the Longuet-Higgins (1963) Fourier expansion method (FEM) coefficients provided by NDBC to reconstruct the directional wave spectrum. The coupled model results are compared with the directional wave spectrum measurements obtained at the 41002 and 41048 buoys from three different times during the storm's passage ( Figs. 7 and 8 ) . The wind direction changed gradually counter-clockwise at 41002 and clockwise at 41048 as Sandy moved through the area, followed by slower turning of the wave field. Overall, UWIN-CM produced the observed directional wave spectrum in terms of wavelength and mean and dominant wave directions. The observed spectrum is generally wider in the directional space, which is partially an artifact of the limited sampling capabilities of a pitch-and-roll buoy ( Young, 1994 ) . There is a large misalignment between wind (black arrow) and both mean (green arrow) and peak (red arrow) wave direction at both locations, likely due to the large spatial coverage of Sandy's wind field.
Spatial distribution of directional wave spectrum in hurricanes is especially important in coupled atmosphere-wave-ocean models like UWIN-CM, because the wave field affects the wind through wind-wave stress in coupled models ). Here we examine the spatial variations of the wave spectrum around the center of the storm in both Ike ( Fig. 9 ) and Sandy ( Fig. 10 ) . The wave spectrum is shown in each of the four quadrants around the storm relative to the storm heading direction: front-right (FR), front-left (FL), rear-right (RR), and rear-left (RL). In the example of Ike at 0 0 0 0 UTC on 12 September, the wave spectrum is shown at 70 km radius from the storm center in each quadrant ( Fig. 9 ) . The waves are longest and highest in the FR quadrant, and shortest and lowest in the RL quadrant. Significant wave height in the FR quadrant is 15% higher than that in FL and RR, and 40% higher than that of RL. The wind speed is 10% higher in the FR quadrant relative to other three quadrants, which is a common feature in hurricanes due to the storm motion (e.g., Shapiro, 1983; Chen et al., 2006 ) . The directions of the dominant waves are outward (red arrow) between 20 °and 30 °clockwise from local wind direction (black arrow). The spectrum is broadest in the RL, where the longer waves are in the opposite direction to the local wind, spanning nearly 180 °i n directional space while the wavelengths range from under 100 to over 350 m. The mean wave direction (green arrow) was between dominant wave and wind directions. The characteristics of directional wave spectrum described here are in agreement with those observed in Hurricane Bonnie (1998) ( Fig. 10 ) . The storm was heading toward north-northwest, while the strongest wind was located in the southern side (RL and RR quadrants) due to its interaction with the extratropical system. The highest H s values were located in the two rear quadrants ( Fig. 6 b) . Spectra in all quadrants are narrower than those in Ike ( Fig. 9 ) , and are rotated by about 30 °counter-clockwise, with the exception of RR, where the waves were propagating in the similar direction as in Ike. The RR quadrant is also where the waves are the longest, with very narrow directional spreading. The narrow wave spectrum may be explained by a wide swath of strong wind blowing from RL to RR as observed by the OSCAT satellite wind ( Blake et al., 2013 ) .
Wave properties near landfall
Hurricane impacts are mostly felt at landfall, which are also most challenging for accurate model forecasts of extreme winds, rain, waves, storm surge, and inland flooding near the coast. Ocean surface waves play an important role in storm surge ( Luettich, 1999; Hsu, 2013 ) , especially in the cases of Ike (2008) and Sandy (2012) when the water levels were elevated by the wave set up and the large size of the storm winds, which were not represented by the uncoupled models as pointed out by Alves et al. (2015) . Wave setup has been found to contribute to total storm surge from 15% in Hurricane Floyd (1999) ( Funakoshi et al., 2008 ) to 40% in Typhoon Anita (2010) ( Kim et al., 2010 ) . UWIN-CM has the advantage of the atmosphere-wave-ocean coupling that can potentially produce the coherent wind-wave and wave-current interactions needed for hurricane impact forecasting at landfall. As storms approach the land, the wind and wave fields become more complex, in part due to the coastal land-sea features including topography and bathymetry. Here we focus on the spatial distribution of ocean surface waves and corresponding wind and water depth near landfall in Ike and Sandy.
Hurricane Ike
At 1800 UTC on 12 September, Ike was approaching the Texas coast, the UWIN-CM modeled 10-m wind field was asymmetric, with highest wind speeds exceeding 45 m/s on the right-hand side of the storm ( Fig. 11 a) . Significant wave height was significantly higher on the right side with the maximum exceeding 11 m in the RR quadrant right outside of the radius of maximum wind ( Fig. 11 b) . The wave heights were reduced in front of the storm as they approach the coast, where they dissipate due to breaking, and to a lesser extent, bottom friction. The mean periods of the longest waves exceeding 10 s are located in the FR quadrant ( Fig. 11 c) , as was observed in Hurricane Bonnie by Walsh (2002) and Wright et al. (2001) . As waves enter shallower waters, they decrease in wavelength while preserving the periods due to conservation of wave crests ( Fig. 11 d) . The waves were significantly shorter on the left side of the storm center due to very short fetch from the offshore wind. The peak period and wavelength ( Fig. 11 e and f) showed strong asymmetry between the left and right sides of the storm, with waves exceeding 250 m in wavelength on the right side, while being constrained between 50 and 100 m wavelength on the left. The depth decreases from 100 m to the sea level over a distance of approximately 150 km on the left and 200 km on the right side of the storm, respectively.
Despite the large wind speed asymmetry, wave age Cp / u * and drag coefficient C D are fairly symmetric, suggesting that the wavestate is young and rough on the left in the shallow water near the coast ( Fig. 12 ) . Because friction velocity u * scales with wind speed squared, wave age has its lowest values where the wind forcing is strongest. The second contributing factor in reducing wave age is the water depth. Both the decrease in wave age and the increase in C D come from a phase speed reduction in shallow water. The enhancement of C D on the left was due, in part, to the offshore wind forcing over limited fetch, as young windsea carries more stress than the long swell ( Donelan et al. 2012 ) . Another mechanism that may be responsible for the increase of the drag coefficient is the opposing and cross-wind swell, as found in the FL quadrant ( Fig. 11 e) . Wind blowing against incoming swell induces upward flux of horizontal momentum, i.e. momentum transfer from waves to wind, effectively damping wave energy and increasing stress. A strong increase in C D in the FL quadrant where opposing and cross-wind swell dominates was reported by Holthuisen et al. (2012) . We find that the drag coefficient in shallow water (depth < 20 m) may be increased from 4% in high wind speed, up to 25% in low wind speeds, relative to that of deep water ( Fig. 13 a) . This is in agreement with in situ measurements by Zachry et al. (2013) side of the storm ( Fig. 13 b) . Thus, as the storm approaches landfall, stress is likely to increase in the front quadrants due to water depth decrease, and increase even further in the FL quadrant where offshore wind forces young windsea and opposes long incoming swell.
As Hurricane Ike enters shallow water, several interesting properties in the directional wave spectrum arise ( Fig. 14 ) . The peak waves in the front quadrants rotate clockwise toward the coast, subject to depth-induced refraction, increasing the misalignment with wind by as much as 30 °in the FL quadrant. The spectrum becomes broader in all four quadrants compared to that in deep water, and the peak waves are even more misaligned with the wind. While the peak wavelength in the rear quadrants is similar to that in deep water, it is significantly reduced in the front quadrants where waves shoal and dissipate as they propagate into shallow water. Because the depth-induced wave breaking and bottom friction are prominent in front of the storm, the highest significant wave height is found in the RR quadrant, and is 27% higher relative to that of RL and FR quadrants, and 65% higher than that of FL quadrant. Besides wave breaking and bottom friction, the waves in the FL quadrant were also dissipated by the opposing wind. Finally, the spectrum is least affected by the water depth in the RL quadrant.
The UWIN-CM predicted wave fields compare well with the wave and surge hindcast results in Hope et al. (2013) in general, with a few notable differences. First, the UWIN-CM predicted wind field near Ike's landfall is more asymmetric than the H * WIND analysis field used in Hope et al., while the peak wind speeds are comparable. The difference in the wind fields may have contributed to a more asymmetric wave height in UWIN-CM, with lower H s on the left side of the storm track ( Fig. 11 b) . It is difficult to make a meaningful comparison between the coupled model prediction of interactive wind and waves with the hindcast wave fields using a noninteractive wind analysis product. Donelan et al. (2012) found that H * WIND overestimated high wind speeds in multiple locations in Hurricane Ike.
Superstorm Sandy
As Sandy approached the northeast coast of the United States as a Category 1 hurricane, its wind field was unusually broad and asymmetric ( Fig. 15 a) . The strong wind dominates the FL, RL, and RR quadrants, exceeding 35 m/s. As a consequence, the significant wave height was very large, with highest waves exceeding 12 m in the RR quadrant ( Fig. 15 b) . The local minimum in the wake of the storm center was not as clearly defined as in Ike. The wave heights decreased toward shallower water, and were smaller near coast by approximately factor of 2 compared to the peak wave heights on the right side of the storm, which is consistent with observations by Walsh et al. (2002) . The longest waves were spread out across the front and right sides of the storm and were streamed along the Hudson Canyon toward the New York Bight ( Fig. 15 f) .
The directional wave spectrum in the front quadrants showed that the waves dissipate, contract, and refract toward the coast as they propagate over the continental shelf ( Fig. 16 ) . The wave spectrum in the front quadrants was rotated clockwise toward the coast in a similar manner as we found in Ike ( Fig. 13 ) . The spectra in RR are now bi-modal and significantly broader than 8 h earlier, possibly because of the increase in misalignment between mean and dominant wave directions. The RL quadrant is the least changed, likely because of strong and persistent wind forcing that dominated in this region ( Fig. 15 a) .
Summary and conclusions
The high-resolution, fully coupled atmosphere-wave-ocean model UWIN-CM was used to simulate and predict the hurricaneinduced ocean surface waves in Hurricane Ike (2008) and Superstorm Sandy (2012) at landfall 3-5 days in advance. The model output is used to better understand the spatial distribution of the integrated mean wave properties (significant wave height and mean wave period) and the directional wave spectra over the open ocean and near landfall. The unusual spatial pattern of significant wave height in Sandy was well predicted by the coupled model as confirmed by Jason-2 satellite altimeter data ( Fig. 6 b) . The coupled model prediction is also evaluated using NDBC buoy measurements during the time of the storm passages. While both storms were well represented by UWIN-CM in terms of the wind and waves, the model performance was slightly better in the case of Sandy. Overall, the average root mean squared error for the wind speed, significant wave height, and wave period were 2.24 ( ±0.81) m/s, 0.98 ( ±0.36) m, and 1.01 ( ±0.45) s, respectively ( Table 1 ) . We find that as the hurricane-induced waves propagate into progressively shallower water, they shoal, dissipate, and refract, resulting in an overall broader and more complex directional spectrum compared to that of the open ocean. Shoaling and dissipation can decrease the wavelength and energy of all waves in front of the storms as they propagate into shallow water. Depth-induced refraction turns the waves toward the direction perpendicular to the isobaths. While the decrease in wave celerity due to change in water depth leads to an increase in wind stress, refraction turns the dominant waves away from wind and toward the coast, thus increasing misalignment between wind and waves on the left side of the storm center. This increase in misalignment is the largest in the front-left quadrant where the winds are generally blowing off shore. It is as large as 30 °in Ike and 60 °in Sandy. Waves propagating against wind induce upward momentum flux, further increasing stress while getting damped. These two processes are found to contribute together to an increase in drag coefficient by up to 25%, especially on the left side of the storm center in Hurricane Ike at landfall ( Fig. 13 ) .
The directional wave spectrum in the four quadrants around Ike in deep water is found to be consistent with the established model of hurricane-induced ocean waves ( Wright et al., 2001; Chen et al., 2013 ) . However, as the storm approaches landfall, spectra in all quadrants become broader and more complex, and the misalignment between wind and waves increases. The waves in Sandy were significantly more symmetric in terms of wave height and wavelength compared with those in Ike, mainly because of the strong asymmetric wind in the South region of the storm compensating the typical asymmetry in the wave field. While Walsh et al. (2002) found the spectra in open ocean and near landfall to be similar in Hurricane Bonnie (1998), and suggested that parameterization of the wave fields in prediction models with simple storm parameters may be satisfactory, the results shown in this study suggest that the waves near landfall becomes more complex than in the open ocean because of the changes in water depth and wind fields that are storm and location dependent. These pose many challenging issues for modeling and predicting the fully coupled wind and wave phenomena in hurricanes near landfall. 
